In recent years, researchers in our laboratory have investigated the use of a pentachlorophenol (PCP)-degrading Flavobacterium strain as a bioremediation tool in soil (5), groundwater (13) , and free-cell bioreactors (3) . Our most recent goal has been to develop novel bioreactor technologies that will permit the continuous treatment of PCPcontaminated water. A promising method to accomplish this goal lies in the use of immobilized bacterial cells. Here we report the results of investigations on the ability of polyurethane-immobilized Flavobacterium cells held within batch and continuous-culture bioreactors to degrade PCP from water.
Immobilized cells have been defined as cells that are entrapped within or associated with an insoluble matrix. Mattiasson (14) discussed various methods of immobilization: covalent coupling, adsorption, entrapment in a threedimensional polymer network, confinement in a liquid-liquid emulsion, and entrapment within a semipermeable membrane. Under many conditions, immobilized cells have advantages over both free cells and immobilized enzymes. Use of immobilized cells permits the operation of bioreactors at flow rates that are independent of the growth rate of the microorganisms employed (15) . Catalytic stability can be greater for immobilized cells than for free cells, and some immobilized microorganisms tolerate higher concentrations of toxic compounds than do their nonimmobilized counterparts (6, 10, 22, 24) .
In our initial work with alginate-immobilized Flavobacterium cells (K. O'Reilly, R. Kadakia, J. Steiert, R. Korus, and R. Crawford in J. Glasser (ed.), Chemical and Biochemical Detoxification ofHazardous Waste, in press), we found that PCP was degraded at initial concentrations as high as 150 mg liter-' in batch reactors. Even higher PCP concentrations could be degraded in continuous-culture reactors if the flow rate was slow enough to maintain a low steady-state PCP concentration within the reactor. Although alginate immobilization was adequate for laboratory investigations, the low mechanical strength of alginate, its incompatibility with anions such as phosphate, and its susceptibility to * Corresponding author. Polyurethanes are a class of polymers synthesized as a result of the reactions between compounds containing an isocyanate group (R-N=C=O) and compounds containing a hydroxyl group. It has been investigated as an immobilization matrix for enzymes (7) , organelles (20) , and microbial cells (10) . Typically, immobilization systems have been used to catalyze single reactions. Tanaka's group (19, 20, 22) have studied the hydroxylation of steroids by acetone-dried Arthrobacter simplex cells, frozen and thawed Nocardia cells, and viable Curvularia spores. A variety of polyurethane prepolymers that differed in molecular weight and isocyanate group concentration were tested as immobilization matrices. Yongsmith et al. (25) investigated the production of vitamin B12 by a Propionibacterium strain immobilized in a variety of matrices, including polyurethane.
Data on the use of polyurethane-immobilized microorganisms for the degradation of aromatic compounds were presented in U.S. patent no. 4 St. Louis, Mo.). The reactors were 250-ml flasks. Each flask contained a CO2 trap consisting of a small glass cup connected to the stopper of the flask. The cup contained 0.75 ml of 1 N NaOH. At each sampling time, the stopper was removed and the NaOH was collected into a 1-ml pipette and transferred to a 20-ml scintillation vial. Then the cup was rinsed twice with 1 ml of water, and the rinse water was also placed in the scintillation vial. agitation rate was 300 rpm, and the air-flow rate was 0.5 liter min-1. PCP-free HEPES was run through the reactor at a flow rate of 10 ml min-1 to remove free cells. After about 12 h, the solution in the vessel was clear. The influent was switched to HEPES containing 55 mg of PCP liter-' at a flow rate of 3 ml min-1 (residence time = 8.3 h). The bulk PCP concentration within the reactor was measured by taking 1-ml samples and determining the A320 spectrophotometrically.
Since the presence of an additional carbon source stimulates PCP degradation by the Flavobacterium strain (3, 21) , the media used in this study contained 0.5 g of sodium glutamate liter-'. When glutamate-grown cells were induced for PCP degradation and then transferred to media in which PCP was the only carbon source, PCP degradation was inhibited for 90 h and cell toxicity of over 90% occurred (21) . An attempt was made to overcome the requirement for the additional carbon source by slowly decreasing the amount of glutamate in the influent. After the continuous-culture reactor had been running for 14 days, the medium was switched to HEPES buffer with a glutamate concentration of 0.4 g liter-'. On day 17, the glutamate concentration was dropped further, to 0.3 g liter-1. Owing to increasing PCP concentrations within the reactor, the glutamate concentration of the influent was increased to 0.5 g liter-1 on day 19.
Electron microscopy. (Fig. 1) ; 70 to 80% of the added radioactivity was recovered as 14CO2 at all PCP concentrations tested. Previous experiments with this bacterium (17, 18) and other PCP-degrading bacteria (1, 2, 4) suggested that this level of CO2 recovery indicates complete mineralization. There were some differences between experiments in the length of the lag time before the onset of mineralization (0 to 3 days), but mineralization was always complete within 5 days.
At initial PCP concentrations below 100 mg liter-', differences in the degradation activity of free and immobilized cells were not detected. At higher PCP concentrations, the presence of polyurethane led to a decrease in the lag time prior to PCP degradation. At 200 mg liter-1, polyurethaneimmobilized cells and free cells in the presence of polyurethane were effective degraders of PCP, while in the absence of the foam, PCP was not mineralized by free cells during the 4-day course of the experiment.
Semicontinuous batch reactors. The activity of the immobilized cells exposed to 10 mg of PCP liter-' on a daily basis was monitored for 150 days (Fig. 2) . The rate of PCP degradation was calculated by linear regression of PCP degraded versus time for 15-day periods (Fig. 3) . The PCP degradation rate over the first 15 days was 0.43 mg of PCP degraded g of foam-' day-'. This rate decreased to 0.06 mg of PCP g of foam-' day-1 for the period between day 136 and day 150. These rates corresponded to mineralization of 86 and 12% of the initial PCP day-', respectively. The degradation activity over time was fit (R2 = 0.94) to the following linear equation (Fig. 3) : RT = I -(A x 1), where RT is the degradation rate on day T, I is the initial rate (0.48 mg of PCP g of foam-' day-'), and A is the activity The results indicate that the degradation rate decreased by about 0.6% of the initial activity each day. The degradation rate of the foam exposed to 50 mg of PCP liter-' was 2.19 mg g of foam-' day-' for the first 15 days, which decreased to 0.5 mg g of foam-' day-' for the next 7 days. This amounted to mineralization of 88 and 20% of the PCP within a 24-h period. No degradation activity was detected in the 50-mg liter-1 system after 22 days.
Continuous-culture reactor. Although the foam was in contact with the reactor's impeller, no breakup of the foam was observed. About 6.65 g of PCP was degraded in the continuous-culture reactor over the 30 days it was operated (Fig. 4) . This corresponds to degradation of 93% of the PCP added to the reactor. At steady state, the rate of PCP transformation was determined by a material balance equation (11) 10 and 300 mg liter-'. Within any single experiment, the lag time prior to degradation increased with increasing concentration of PCP (Fig. 1 ). The differences in lag time between experiments are as yet unexplained, but similar differences were detected when the ability of this bacterium to degrade PCP in soil was tested (5) .
Earlier work suggested that the degradation of PCP by free (23) The half-life of the system was 85 days (Fig. 3) (10) in a continuous column reactor.
In the semicontinuous batch reactors, the total amount of PCP degraded was similar in both the 10-and 50-mg liter-' systems (Fig. 2) . This similarity suggests that there may be an upper limit on the amount of PCP degraded. One explanation for a limit on PCP degradation would be a buildup of intermediates which inhibit PCP transformation. In earlier work with this Flavobacterium strain, PCP degradation intermediates were detected in the medium of blocked mutants but not in that of the strain used in these experiments (21) . Even if nondetectable intermediates were produced, they would not have accumulated because the foam was transferred to fresh medium daily. A second explanation for a limit on the amount of PCP degraded would have been the inactivation of one or more of the transformation enzymes during the course of their activity. Under these experimental conditions, the cells should have been able to replace any inactivated enzyme since the glutamate present would have supplied carbon, nitrogen, and energy. We believe that the similarity in the total amounts of PCP degraded in the 10-and 50-mg liter-' systems was a coincidence and not an indication of some intrinsic total. This was supported in the results of the continuous-culture system. Twice the amount of PCP was degraded per gram of foam in the continuous-culture reactors than in the semicontinuous batch reactors, and PCP was still being degraded when the experiment was terminated.
Some researchers have assumed that covalent bonds are formed between the polyurethane polymer and the cell surface during immobilization (8) . Electron microscopy of Escherichia coli immobilized in polyurethane suggested that the cells were attached to the solid structure of the matrix (10). Since cells were released when the foam was cut and there was no definite evidence that cells were connected to the surface of our polyurethane, we hypothesize that most cells were entrapped in solution within the pockets of the foam. Some pockets had only small pores, which would prevent the loss of cells but allow the diffusion of soluble materials. Cells would be lost from pockets that were connected to the surface by larger pores, but these pores also would form a conduit from the bulk solution to the interior of the foam. This would decrease the distance that PCP and oxygen would have to diffuse to supply the entrapped cells. Results of our earlier work (16) suggested that oxygen transfer in polyurethane was superior to that in more uniform matrices, such as calcium alginate.
Polyurethane was shown to be an effective immobilization matrix for a PCP-degrading Flavobacterium strain. Advantages of polyurethane immobilization included the maintenance of PCP degradation activity for up to 150 days and the reversible adsorption of PCP to the polyurethane, which protected the cells from the toxic effects of the PCP.
